Binding specificity between fibroblast growth factors (FGFs) and their receptors (FGFRs) is essential for mammalian development and is regulated primarily by two alternatively spliced exons, IIIb (''b'') and IIIc (''c''), that encode the second half of Ig-like domain 3 (D3) of FGFRs. FGF7 and FGF10 activate only the b isoform of FGFR2 (FGFR2b). Here, we report the crystal structure of the ligand-binding portion of FGFR2b bound to FGF10. Unique contacts between divergent regions in FGF10 and two b-specific loops in D3 reveal the structural basis by which alternative splicing provides FGF10-FGFR2b specificity. Structure-based mutagenesis of FGF10 confirms the importance of the observed contacts for FGF10 biological activity. Interestingly, FGF10 binding induces a previously unobserved rotation of receptor Ig domain 2 (D2) to introduce specific contacts with FGF10. Hence, both D2 and D3 of FGFR2b contribute to the exceptional specificity between FGF10 and FGFR2b. We propose that ligand-induced conformational change in FGFRs may also play an important role in determining specificity for other FGF-FGFR complexes. Binding specificity between FGFs and FGFRs is critical for the proper regulation of FGF signaling. The physiological significance of FGF-FGFR specificity is best demonstrated in Apert syndrome, a severe craniosynostosis syndrome, where point mutations in FGFR2 alter ligand binding affinity and specificity (8-10). Alternative splicing of FGFR mRNA is the main mechanism by which FGFRs with different ligand-binding profiles are generated. In FGFR1 to -3, D3 is encoded by the invariant exon IIIa followed by one of two alternative exons, IIIb (''b'') or IIIc (''c''). This alternative splicing event is regulated in a tissue-specific fashion with b expression restricted to epithelial lineages and c to mesenchymal lineages (11) (12) (13) (14) . Most FGFs activate more than one FGFR. The FGF7 subfamily is unique among FGFs because its members (FGF7, FGF10, and FGF22) are expressed exclusively by mesenchyme and interact specifically with the b splice variant of FGFR2 (FGFR2b) resident in overlying epithelium (15-17).
. FGFRs are composed of an extracellular ligand-binding portion consisting of three Ig-like domains (D1-D3), a single transmembrane helix, and a cytoplasmic portion with protein tyrosine kinase activity. An FGFR fragment encompassing D2 and D3 is the minimal unit sufficient for specific ligand binding (3) . FGFR dimerization is an essential event in FGF signaling and requires heparin or heparan sulfate proteoglycans (HSPGs; refs. [4] [5] [6] [7] .
Binding specificity between FGFs and FGFRs is critical for the proper regulation of FGF signaling. The physiological significance of FGF-FGFR specificity is best demonstrated in Apert syndrome, a severe craniosynostosis syndrome, where point mutations in FGFR2 alter ligand binding affinity and specificity (8) (9) (10) . Alternative splicing of FGFR mRNA is the main mechanism by which FGFRs with different ligand-binding profiles are generated. In FGFR1 to -3, D3 is encoded by the invariant exon IIIa followed by one of two alternative exons, IIIb (''b'') or IIIc (''c''). This alternative splicing event is regulated in a tissue-specific fashion with b expression restricted to epithelial lineages and c to mesenchymal lineages (11) (12) (13) (14) . Most FGFs activate more than one FGFR. The FGF7 subfamily is unique among FGFs because its members (FGF7, FGF10, and FGF22) are expressed exclusively by mesenchyme and interact specifically with the b splice variant of FGFR2 (FGFR2b) resident in overlying epithelium (15) (16) (17) .
FGF7 and FGF10 bind FGFR2b with similar high affinity and compete with each other for this binding (18, 19) . However, striking phenotypic similarities between the FGF10 and FGFR2b knockout mice have established FGF10 as the predominant ligand for FGFR2b in developmental patterning and organogenesis. Both FGFR2b-null and FGF10-null mice die at birth and show agenesis of the lungs and limbs, whereas FGF7-null mice are viable and have normal lungs and limbs (16, (20) (21) (22) .
The exceptional specificity between the FGF7 subfamily and FGFR2b, together with the pivotal role of FGF10-FGFR2b signaling during development, makes the FGF10-FGFR2b complex an ideal model system for deciphering the structural determinants of FGF-FGFR binding specificity. In this report, we describe the crystal structure of the FGF10-FGFR2b complex and confirm the structural findings by mutational analysis. FGF10-FGFR2b specificity incorporates not only alternative splicing-dependent ligandreceptor interactions but also a ligand-induced conformational change in the receptor.
Methods
Crystallization and Data Collection. The DNA fragment encoding residues 64-208 of human FGF10 was amplified by PCR and subcloned into the pET-9c bacterial expression vector (18) . The construct was expressed in Escherichia coli BL21 (DE3) and found to be soluble. FGF10 was purified by heparin affinity, ion exchange, and size exclusion chromatography.
The DNA fragment encoding residues 140-369 of human FGFR2b (23) was amplified by PCR and subcloned into the pET-28a bacterial expression vector. Selenomethionine-substituted FGFR2b was produced by an auxotrophic protocol (24) and purified as previously described for FGFR2c (25) . The purified protein was confirmed by mass spectroscopy to be the fragment of FGFR2b consisting of residues 140-369.
FGF10 and FGFR2b were mixed together and purified as described (25) . Crystals were grown by vapor diffusion at 20°C by using the hanging drop method. Crystals of the FGF10-FGFR2b complex were obtained by mixing 2 l of the crystallization buffer (3% PEG 400͞2.0 M NH 4 SO4͞0.1 M Tris⅐HCl, pH 8.5) with 2 l of protein solution (7 mg͞ml͞25 mM Hepes, pH 7.5͞150 mM NaCl). The FGF10-FGFR2b crystals belong to the hexagonal space group P6 4 Crystals were frozen in a cryoprotectant composed by adding 9% sucrose (wt͞vol), 2% glucose (wt͞vol), 8% glycerol (vol͞vol), and 8% ethylene glycol (vol͞vol) to the reservoir buffer. Multiple anomalous dispersion data were measured at three wavelengths near the Se K edge by using a Q4R charge-coupled device detector system at beamline X4A of the National Synchrotron Light Source.
Structure Determination and Refinement. All data were processed by using HKL (26) . Attempts to determine the positions of FGF10 and D2 and D3 of FGFR2b by using AMORE (27) with the structures of FGF2 and FGFR2c (25) as search models were unsuccessful. CNS (28) for the PEG-400 molecule. Representations of the structure were created by using MOLSCRIPT, RASTER3D, and GRASP (30) (31) (32) .
Structure-Function Analysis of FGF10. D76A, R78A, and R155A point mutations were introduced into full-length human FGF10 (residues 38-208) by using the QuikChange site-directed mutagenesis kit (Stratagene). WT and mutant FGF10 proteins were expressed in E. coli and purified by heparin affinity, cation exchange, and size exclusion chromatography. The FGF10 mutants had similar chromatographic behaviors as the WT FGF10, indicating that the mutations did not compromise the tertiary structure of FGF10. DNA synthesis was measured by a [ 3 H]thymidine incorporation assay by using serum-starved confluent cultures of Balb͞MK cells (18) .
Results and Discussion
Structure Determination. A selenomethionine-labeled ligandbinding fragment of FGFR2b, encompassing D2 and D3 (residues 140-369), was expressed in E. coli and refolded in vitro from inclusion bodies. After purification, the labeled protein was mixed with excess FGF10 (residues 64-208), and the resulting 1:1 FGF10-FGFR2b complex was isolated by size-exclusion chromatography and crystallized.
The crystal structure of the FGF10-FGFR2b complex was solved by using multiple anomalous dispersion and refined to 2.9-Å resolution. The refined model consists of 1 FGF10 molecule, 1 FGFR2b molecule, 18 water molecules, 2 sulfate ions, and 1 PEG-400 molecule. Data collection and refinement statistics are given in Table 1 . The overall structure is shown in Fig. 1 . FGF10 binds to a large and continuous bent surface on FGFR2b composed of D2, D3, and the D2-D3 linker of the receptor (Fig. 1b) .
Structure of FGF10.
As anticipated on the basis of sequence homology, FGF10 adopts a ␤-trefoil fold consisting of 12 ␤-strands (␤1 through ␤12; Figs. 1a and 2a). Superimposition of FGF10 onto FGF7, for which the crystal structure only in the absence of the receptor is available (33, 34) , gives a rms deviation (rmsd) of 0.885 Å (Fig. 2b) .
As in FGF7, ␤1 in FGF10 is longer than in FGF1 and FGF2 (Fig. 2a; refs. 33 and 34). Furthermore, the ␤10͞␤11 strand pair in FGF10 is defined by a single hydrogen bond between the two strands as in FGF7 (not shown). These structural distinctions represent hallmarks of the FGF7 subfamily and may also be present in FGF22, the most recently discovered member of this subfamily (35) . The FGF7 subfamily is functionally distinct in that all its members interact specifically with FGFR2b. Thus, these structural features might play a role in determining the unique receptor specificity of the FGF7 subfamily. Indeed, in the FGF10-FGFR2b crystal structure, the extended portion of the ␤1 strand plays a critical role in FGFR2b binding (see below). As anticipated due to differing lengths, the ␤1-␤2 and ␤9-␤10 loops of FGF10 adopt different conformations than those of FGF1 and FGF2 (Fig. 2) . These loops have the same length among the three FGF7 subfamily members (Fig. 2a) . Compared with receptor-bound FGF1 and FGF2, the N terminus of receptor-bound FGF10 is substantially more ordered and interacts extensively with the receptor D3. The first five ordered residues in FGF10 form a short helix (gN), which connects to ␤1 via a short loop (Fig. 1a) .
The Alternatively Spliced D3 Plays a Decisive Role in FGF10-FGFR2b
Specificity. FGFR2b and its alternatively spliced counterpart, FGFR2c, differ only in the second half of D3. Superimposition of the D3s between the two isoforms gives a rmsd of 0.754 Å and reveals a conformational difference in the ␤CЈ-␤E loop (Fig. 3a) . The N terminus of this loop demarcates the beginning of the alternatively spliced half of FGFR2b. The ␤CЈ-␤E loop is two residues shorter than its counterpart in FGFR2c and is in intimate contact with FGF10.
FGF10 and FGFR2b engage in extensive and specific contacts at the FGF10-D3 interface (Table 2 ; Fig. 3 b-d) , implicating this interface as the primary determinant of FGF10-FGFR2b affinity and specificity. This structural observation is consistent with previous data showing that an isolated FGFR2b D3 can bind FGF7 (23) . Moreover, nearly all of the contacts at this interface are direct and water-mediated hydrogen bonds (Table 2) , consistent with the discriminatory role of this interface in FGF10-FGFR2b specificity.
The majority of FGF10-D3 contacts occur within a wide cleft in D3 (Fig. 1b) . One side of this cleft consists of the ␤BЈ strand and the ␤BЈ-␤C loop, both of which are in the first half of D3 and therefore are identical between the FGFR2b and FGFR2c isoforms. In contrast, the other side of the cleft is composed of the ␤CЈ-␤E loop, which is in the second half of D3 and therefore unique to the FGFR2b isoform. The N terminus, ␤1 strand, ␤4 strand, and ␤7-␤8 loop of FGF10 make specific contacts with both sides of the D3 cleft ( Fig. 1b; Table 2 ). All these regions exhibit significant sequence diversity among FGFs (Fig. 2a) . The ␤4 strand and N terminus of FGF7 have been shown to be required for FGFR2b binding by prior biochemical studies (33, (36) (37) (38) . Similarly, the ␤CЈ-␤E loop of the receptor has been shown to participate in FGF7 binding (39) (40) (41) .
The only FGF10-D3 contact outside of the D3 cleft occurs between ␤8 of FGF10 and the ␤F-␤G loop of D3 (Fig. 3d) . Like the ␤CЈ-␤E loop, the ␤F-␤G loop is part of the second half of D3 and thus splice variant specific. Mutations in the ␤F-␤G loop of FGFR2b have been demonstrated to reduce FGF7 binding (41) . In summary, the FGF10-FGFR2b structure reveals numerous contacts between b splice isoform-specific loops of FGFR2b and divergent regions of FGF10, hence unveiling the molecular basis by which alternative splicing confers exceptional FGF-FGFR specificity.
Structure-Based Mutagenesis of FGF10 Confirms the Observed Mode of FGF10-FGFR2b
Binding. To assess the biological importance of the FGF10-FGFR2b contacts observed in the crystal structure, we selectively mutated Asp-76, Arg-78 and Arg-155 to alanine in full-length FGF10 (D76A, R78A, and R155A, respectively; Fig. 2a ). Asp-76 and Arg-78, in the N terminus of FGF10, make important interactions with the D3 cleft ( Fig. 3 b and c) . Arg-78 is engaged in hydrogen bonds with the ␤BЈ-␤C loop of the cleft (Table 2 ; Fig. 3b ). In addition, Arg-78 makes intramolecular hydrogen bonds with the N terminus of FGF10 (Fig. 3b) . These intramolecular hydrogen bonds stabilize the FGF10 N terminus, allowing it to make several specific contacts with the D3 cleft ( Table 2 ; Fig. 3c ). These contacts include the two highly specific hydrogen bonds involving Asp-76 of FGF10 and Ser-315 of FGFR2b (Fig. 3c) . The involvement of these hydrogen bonds in conferring specificity between the FGF7 subfamily and FGFR2b is underscored by virtue of the fact that Asp-76 is unique to the FGF7 subfamily (Fig. 2a) and Ser-315 is located in the b splice isoform-specific ␤CЈ-␤E loop (Fig. 3c) . Indeed, substitution of Ser-315 in FGFR2b with alanine, the corresponding residue in FGFR2c, resulted in significant loss of FGF7 binding (40) . Conversely, exchanging the C-terminal portion (residues 319-324) of the ␤CЈ-␤E loop in FGFR2c with that of FGFR2b lowered binding of the resultant chimera to FGF2 without gaining FGF7 binding, suggesting an indispensable role for Ser-315 in conferring FGF7 binding specificity (41) .
In contrast to Asp-76, Arg-78 of FGF10 is conserved in most FGFs with the notable exception of the prototypical FGF1 and FGF2 (Fig. 2a) . Arg-155 of FGF10 also plays an important role in FGF10-FGFR2b specificity by making a hydrophobic contact with Tyr-345 of FGFR2b outside of the D3 cleft (Fig. 3d) .
WT and mutant FGF10 proteins were expressed in E. coli and purified to homogeneity. The biological activity of the WT and mutant ligands was compared in a mitogenesis assay by using Balb͞MK cells naturally expressing FGFR2b (Fig. 4) . The activity of the FGF10 construct used for crystallization (residues 64 to 208) was similar to that of full-length FGF10. All three mutations reduced the capacity of FGF10 to induce DNA synthesis. The R78A mutant was severely compromised and achieved only 56% of the maximal mitogenic response produced by WT FGF10 (Fig. 4) . The dramatic effect of the R78A mutation underscores the importance of Arg-78 and proper N-terminal conformation of FGF10 for FGFR2b binding.
FGF10-Induced D2 Rotation Plays an Important Role in FGF10-FGFR2b
Specificity. Superimposition of the receptor D2s between the FGF10-FGFR2b and FGF2-FGFR2c complexes (25) yields a rmsd Interactions are specific to the FGF10-FGFR2b structure unless otherwise indicated.
of 0.684 Å with no notable secondary structure differences. Previous FGF-FGFR structures have revealed a generally hydrophobic and conserved FGF-D2 interface. Because the hydrophobic residues in FGF1 and FGF2 that contact D2 of FGFR2c are conserved in FGF10, we anticipated finding similar hydrophobic interactions at the FGF10-D2 interface. Interestingly, the FGF10-D2 interface is less hydrophobic and contains several unique contacts. Superimposition of the ligands reveals that D2 of FGF10-FGFR2b is rotated by 40°relative to its position in the FGF2-FGFR2c complex (Fig. 5a) . A similar D2 rotation (25°) is also observed relative to the FGF1-FGFR2c structure (ref. 42 ; data not shown). The position of D3 relative to FGF is essentially unaltered among the three structures.
Comparison of the FGF-D2 interface between the FGF10-FGFR2b, FGF1-FGFR2c, and FGF2-FGFR2c structures suggests that the D2 rotation in the FGF10-FGFR2b structure is a ligandinduced event. At the center of the predominantly hydrophobic FGF-D2 interface in the FGF1-FGFR2c and FGF2-FGFR2c complexes is a tyrosine residue (Tyr-29 in FGF1 and Tyr-32 in FGF2; refs. 25 and 42) . This tyrosine residue engages in hydrophobic contact with the FGFR-invariant Ala-167 located at the center of ␤AЈ in FGFR2 D2. In addition, the hydroxyl group of this tyrosine makes two hydrogen bonds with the backbone of ␤AЈ. The presence of these hydrogen bonds in the midst of the highly hydrophobic FGF-D2 interface seems to constrain the position of D2 in the FGF1-FGFR2c and FGF2-FGFR2c structures.
In all three FGF7 subfamily members, this tyrosine is replaced by phenylalanine (Phe-83 in FGF10; Fig. 2a) , which cannot hydrogen bond with ␤AЈ. Instead, the position of D2 in the FGF10-FGFR2b structure is determined by three specific hydrogen bonds between FGF10 and D2, involving Glu-104 and Asn-159 of FGF10 and Leu-166 and Asn-173 of FGFR2b (Fig. 5b) . Asn-173 also engages Sixteen hours later, [ 3 H]thymidine was added for 6 h, and incorporation was determined as described (18) . Each data point was performed in triplicate. WT FGF10 induced an 85-fold increase in DNA synthesis. This model was generated by separately superimposing FGF10 and FGFR2b-D3 from the FGF10-FGFR2b structure onto FGF1 and FGFR2c-D3 in the FGF1-FGFR2c-heparin structure (rmsd ϭ 0.791 Å and 0.668 Å, respectively). D2 and D3 are shown in green and blue, respectively. The alternatively spliced half of D3 is colored purple. FGF1 is displayed as a black C␣ coil, and FGF10 is displayed as a thicker orange coil. FGF10 regions that interact with D3 in the FGF10-FGFR2b structure are colored red. In addition, FGF10 residues whose mutations reduce the ability of FGF10 to activate FGFR2b are rendered in ball-and-stick. The N and C termini of the receptor are labeled NT and CT, respectively.
in oxygen-aromatic contacts with Phe-85 and Tyr-161 of FGF10 (not shown). Because Asn-173 is conserved only in FGFR2, the D2 rotation and accompanying unique interactions most likely contribute to FGF10-FGFR2b specificity. Interestingly, it has been demonstrated that D2 of FGFR1 cannot substitute for D2 of FGFR2 in providing the full binding specificity of FGFR2b to FGF7 (43) . Thus, based on the FGF10-FGFR2b structure and the available literature, we propose that D2 of FGFR2b plays an important role in conferring FGF10-FGFR2b specificity.
The FGF10-Linker Interface and D3 Orientation. The FGFR-invariant Arg-251, situated in the D2-D3 linker, makes three highly conserved hydrogen bonds with the FGF10 ligand (Fig. 6a) . These hydrogen bonds have already been described in the previously determined FGF-FGFR structures (25, 42, 44) . Hence, the FGF10-FGFR2b structure reemphasizes the importance of the FGF-linker interface in providing general FGF-FGFR affinity. Significantly, the FGFR-invariant Pro-253 in the FGF10-FGFR2b structure adopts a trans configuration as in all previously reported FGF-FGFR complexes formed in the absence of heparin (9, 25, 42, 44, 45) . This differs from the FGF1-FGFR2c-heparin structure, where Pro-253 is in a cis configuration (ref. 46 ; Fig. 6b ). As a consequence of this cis isomerization, D3 in the FGF1-FGFR2c-heparin ternary complex is in a different orientation and interacts differently with the ligand than in the binary FGF-FGFR complexes ( Fig. 6b; refs. 42 and 46) . Based on this conformational disparity, it has been postulated that heparin catalyzes a trans to cis isomerization of Pro-253 and thereby converts a biologically inactive binary complex to a biologically active ternary complex (46) . To explore this hypothesis, we constructed an FGF10-FGFR2b model containing Pro-253 in a cis conformation (Fig. 6c ). In this model, D3 of FGFR2b cannot interact with D76, R78, and R155 of FGF10, all of which are confirmed to interact with FGFR2b by mutagenesis analysis (Fig. 4) . Because the D76A, R78A, and R155A FGF10 mutants exhibit reduced cell proliferative activity in the presence of heparin (Fig. 4) , the observed FGF10-FGFR2b contacts must also occur in the presence of heparin. Thus, it is unlikely that heparin induces a trans to cis isomerization of Pro-253.
Concluding Remarks. Deciphering the molecular mechanisms governing FGF-FGFR specificity is an essential task, given the multitude of fundamental and diverse physiological processes involving FGF signaling, such as organ patterning, angiogenesis, wound healing, and cell growth and differentiation. Alternative splicing is the main determinant of ligand-binding specificity in FGFRs. The FGF10-FGFR2b structure reveals numerous contacts between receptor loops that are specific to the b splice isoform and divergent regions of FGF10. In addition, FGF10-induced D2 rotation results in unique contacts between D2 and FGF10. Based on these results, we propose that specificity between FGF10 and FGFR2b involves both D2 and D3 of the receptor.
FGF10 and FGF7 are known to play unique and important roles in physiological tissue repair processes. Increased FGF7 expression is an important response mechanism to damaged epithelial tissues in the skin, bladder, and kidney (47) . Conversely, overexpression of FGF7 is thought to contribute to psoriasis and inflammatory bowel disease (48, 49) . FGF10͞7-FGFR2b signaling is also involved in the pathogenesis of bladder, colon, and prostate cancers (50) (51) (52) . Hence, the FGF10-FGFR2b structure should prove useful in the rational design of both FGF7 subfamily agonists and antagonists for the treatment of human diseases.
